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Abstract
Spinels, which are currently used in optical applications, have many proposed functions in the
nuclear industry, such as a nuclear waste form due to its radiation resistance. Disordering plays
a key role in the response of spinel to a wide range of irradiation conditions. The first part of
this research project was on characterizing the type and degree of disorder that can be induced
by chemical substitution in the magnesium nickel aluminate spinel solid solution series (Mg(1x)Ni(x)Al2O4). Neutron total scattering has been used to characterize the structure at both the
cation and anion sublattices. High-resolution pair distribution function analysis was applied to
obtain information on the local structure of disorder. The second part of thesis describes how
compositional-induced disorder impacts the radiation response to swift heavy ions (2.2 GeV
Au). Complementary x-ray powder diffraction and small angle x-ray scattering was additionally
used for the analysis of the radiation-induced modifications. The long-range structure of the
unirradiated samples shows an increasing amount of cation disorder with Ni content as well as
local anion disorder. Swift heavy ions create a significant amount of cation and anion disorder
in all spinel compositions without evidence of amorphization up to a fluence of 6e12 per square
centimeter. An ion-induced phase transformation from spinel to a metastable rock-salt phase
was evidenced in the local structure in Ni containing spinels. The pre-existing disorder affects
significantly the radiation response with a more efficient rock-salt phase formation for spinel
compositions with a higher amount of cation disorder.
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Chapter 1: Introduction
Spinels are a class of materials with general formula Ax+By+2X2-4 named after the mineral
spinel (MgAl2O4). MgAl2O4 has excellent material properties, such as a high melting
temperature (~2400 K [1]), chemical inertness [2] as well as great resistance to damage
accumulation from both neutron [3-5] and ion irradiation [6-9]. Because of these unique
properties, MgAl2O4 has been proposed as a potential material for the containment of
radionuclides during disposal in a geological repository or transmutation in a nuclear reactor.
Also for future fusion applications spinel is considered as a suitable material for radiofrequency
heating components, insulating feedthroughs, or magnetic diagnostic coils [10].
The spinel structure can be uniquely described using three parameters: the unit–cell
parameter (size of the cubic unit cell), anion-position parameter (anion fractional position in the
unit cell), and inversion parameter (cation disorder). The inversion parameter is the relative
ratio of A-site cations occupying the B-site. Thus, this parameter is directly linked to the amount
of cation disorder in the spinel sample and with this directly affecting the unit-cell and anionposition parameters. An Inversion parameter of 0, 0.667, and 1 corresponds to normal,
random, and inverse cation arrangements, respectively.
Several previous studies have investigated the effects of highly energetic ions in the
electronic stopping power regime on MgAl2O4 [6-9,11]. Yasuda et al. have reported a complex
ion-track morphology induced by 200 MeV Xe ions with an energy loss of 25 keV nm-1 in
MgAl2O4 [11]: a rock-salt like track core, general formula (A,B)0.75O, with surrounding strained
and disordered shells (Fig. 1.1.1). These results highlight the importance of order-disorder
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transformations in the radiation behavior of spinel. The research described in this thesis aimed
to investigate in detail the effect of pre-existing cation disorder in the spinel solid solution
series Mg1-xNixAl2O4 (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) on the response to swift heavy ion irradiation
(2.2 GeV Au). The two end members, MgAl2O4 and NiAl2O4, are a normal and inverse spinel
respectively, and using this solid solution series allows for a systematic variation in the disorder.
Total neutron scattering experiments with high-resolution pair distribution function analysis
was used to analyse disorder over the long-range structure and local structure before and after
ion irradiation. Complementary X-ray diffraction and small angle X-ray scattering experiments
were additionally used to better describe ion-induced structural modifications.

Figure 1.1.1: Schematic illustration of swift heavy ion induced microstructure in MgAl2O4
spinel (modified from [11]).
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Chapter 2: Background
2.1 Spinel Structure
The spinel structure, which is based on the MgAl2O4 mineral, is described in detail by
Sickafus et al. [12]. Spinels of general formula AB2X4 are cubic crystal systems (space group
Fd3m) where A and B are cations and X is an anion (most commonly oxygen) which occupy the
8a, 16d, and 32e Wyckoff sites respectively (with the origin at 43𝑚). A single unit cell of spinel
contains 8 formula units and has consequently a relatively large unit-cell parameter (8.089 Å)
(Fig 2.1.1). The cations are distributed over two separate sites, a tetrahedral site (the ‘A’ site)
and an octahedral site (the ‘B’ site). The anion sublattice is in a pseudo-cubic close packed
arrangement. Three parameters are used to fully describe the spinel structure: the unit-cell
parameter d, the anion-position parameter u, and the inversion parameter i. Table 2.1.1
summarizes the atomic position parameters for two different origin sites [12]. The coordinates
for the 32e anion site can be described by a single anion position parameter, u, and the ideal
close packed arrangement for u with the origin at 43m is 0.375. The anion position is affected
by the cation disorder (related to the inversion parameter), and has been used in previous
studies to estimate the cation disorder [13].
All synthetic spinel compositions have some degree of inherent inversion, where a
portion of the A site cations occupy the B site and vice versa. This leads to the general spinel
formula: (A1-xBx)(Ai/2B2-i/2)X4 where i is the inversion parameter with i = 0 for a normal cation
arrangement (“normal” spinel), i = 0.667 for a random cation arrangement, and i = 1 for a
completely inverse cation arrangement (inverse spinel). In the inverse spinel, all of the ‘A-site’
3

cations are occupying the octahedral B site and half of the B site cations occupy the A site;
whereas, the highest disorder occurs at an inversion parameter of 0.667 where the cations are
randomly arranged on the A- and B-sites. There are several different factors that affect the
cation inversion in spinels. The cation ionic radius and charge play a critical role. Many spinels
are ‘2-3’ where the A and B site cations have a charge state of +2 and +3 respectively; however,
cations with other charge states, such as 4-2, can still form the spinel structure. Both cation
radius and charge obey the Verwey-Heilmann principal for maximal charge neutralization [14].
The Verwey-Heilmann principal states “…if neutralization of charge is to be sharply localized
around cations, then cations of high valence will have large coordination numbers, so as to be
neutralized efficiently by numerous anions in the first coordination shell.” Some of the heavier
cations may have a sufficiently small radius so that small interstices and small coordination
numbers are preferable according to Pauling’s first rule [15]. Temperature also affects the
cation inversion, at high temperature most spinels will have an inversion parameter
approaching 0.667 [13,16] (Fig 2.1.2), representative of a fully disordered cation sublattice.
Finally, the crystal-field stabilization energy (CFSE) , which reflects the energy levels of the outer
d-shell electrons and the geometric arrangement of the anion neighbors [17], has also an
influence on the inversion parameter. Due to the CFSE it may be preferable for some A-site
cation species (e.g., Cr3+ and Ni2+) to occupy the octahedral (B sites) despite unfavorable
electrostatic energy conditions. However, Zn2+, Mn2+, Fe3+, and Ti4+ all have low CFSE and their
arrangement over A and B sites is determined by other factors.
The cation size strongly affects their arrangement over both available lattice sites in the
spinel structure. For example, if the ionic radii of the A site and B site cations is similar, an
4

increased inversion is observed that is described by the inversion parameter. In turn, this
increased inversion impacts the unit-cell parameter and anion-position parameters [12]. All
bond distances in the unit cell can be described by the unit-cell parameter and the anionposition parameter; although the dependence of the inversion parameter is ignored in these
models (Table 2.1.2).The unit-cell parameter reflects the distance of the <B-B> bonds which
determines the electrical conductivity of the material [12]. Therefore, the incipient cation
disorder affects the electrical conductivity

2.2 Radiation Effects in Spinels
There have been many studies on the effects of irradiation on MgAl2O4 since it has been
proposed as a suitable waste form material for spent nuclear fuel. MgAl2O4 spinel has suitable
material properties for many nuclear applications besides its radiation tolerance, such as a high
melting temperature (2400 K [1]) and an enhanced chemical durability [2]. The following
section reviews previous radiation damage studies on spinel materials with different type of
irradiation: fast neutrons, low-energy ions with nuclear energy loss, and high-energy ions with
electronic energy loss.
Neutron irradiation in MgAl2O4 spinel induces two different material responses for
single crystalline and polycrystalline samples. Single crystals show no swelling [5] and structural
modifications are comprised of low density interstitial loops when irradiated above 923 K [4].
These results suggest that enhanced vacancy-interstitial recombination is responsible for the
lack of swelling after neutron irradiation [5]. However, it has been shown that the cation
inversion parameter, and with that the cation disorder, increases from 0.24 up to 0.69 [16]. This
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reduces the average cation radius at the A site, and the oxygen sublattice relaxes towards a
closed packed arrangement [19]. In polycrystalline spinel, neutron irradiation results in
moderate swelling of the unit cell (0.8%) due to grain boundaries acting as strong interstitial
sinks [5]. Despite the radiation-induced cation disorder, MgAl2O4 spinel has a high resistance to
neutron damage as evidenced by a lack of amorphization.
The same structural resistance holds for ion irradiation in the nuclear collision regime.
Amorphization was not observed for example in MgAl2O4 after room temperature irradiation
with 2.4 MeV Mg ions to a peak damage level of 70 displacements per atom [7]. Analyzing the
microstructure of the damaged regions showed partially unfaulted loops indicating that the
defects are mobile preventing through recombination ion-induced amorphization [7].
Continuous ion tracks have been observed in spinel after irradiation with energetic
heavy ions above a critical energy loss of 8 keV/nm [20]. Complex track morphologies form in
MgAl2O4 under irradiation with 200 MeV Xe (25 keV/nm) or 350 MeV Au (35 keV/nm) ions
[11,21]. These ion tracks consist of a rock-salt like core that is surrounded by strained and
disorder shell regions. X-ray diffraction (XRD) experiments showed evidence of (4h 4k 4l)
maxima after irradiation with 820 MeV Kr ions [2] indicative of a long-range rock-salt structure.
However, the diffraction maxima that distinguish the spinel from the rock-salt phase are weak
and diffuse [22], which makes XRD not a very suitable technique to study this radiation-induced
phase transformation. .
Swift heavy ions have been utilized for this research to study irradiation effects
in spinel due to the following reasons: (i) such ion-matter interactions, which are dominated by
6

excitation and ionization processes, are poorly understood in these materials, and (ii) the large
penetration depth (on the order of 10 – 100 µm) allowed to irradiate sufficient material for
neutron characterization. Swift heavy ions interact first with the electrons in the target
material, resulting in ionization and excitation along their trajectory (electronic energy loss,
dE/dx). After the energy is fully deposited to the electronic subsystem, electron-phonon
coupling transfers the energy finally to the atomic lattice (Fig.2.2.2) [23,24]. Ion tracks form in
many materials if the electronic energy loss is above a critical energy-loss threshold. Both the
Coulomb explosion [25] and the inelastic thermal spike [23] models have been proposed as
potential mechanisms for ion-track formation; however, neither model completely describes all
observed phenomena. Structural modifications induced by swift heavy ions are studied using
many characterization techniques. High-resolution transmission electron microscopy (TEM)
[24,26-28] and small angle x-ray scattering (SAXS) [29-31] are two important techniques to
obtain valuable information on the size and damage morphology of individual ion tracks at the
atomic-scale level. X-ray diffraction is in contrast used to characterize the long-range structure
of irradiated materials to higher fluences in the track-overlapping regime [32].
Ion-track formation depends on a number of parameters, such as energy loss and ion
velocity [22]. In pyrochlore oxides, ion tracks have a complex damage morphology consisting of
several concentric tracks regions (Fig. 2.2.3) [23]. Depending on chemical composition, induced
energy density, and irradiation temperature, the track size and track morphology changes
significantly. The damage morphology of ion tracks in pyrochlore have been explained by the
inelastic thermal spike model that was coupled with molecular dynamics simulations (Fig. 2.2.3)
[23].The simulations demonstrated how tracks evolve over picoseconds from an original molten
7

damage zone by recrystallization and defect recovery processes [34]. The quenched track
morphologies from simulations were in good agreement with the TEM observations (Fig. 2.2.3).
In the inelastic thermal spike model (i-TS) the energy is first deposited into the electron system
and then transferred to the atomic system through electron-phonon coupling [35],
mathematically described through two coupled differential equations (see Eqns 2.2.1 and 2.2.2
and Appendix A for a more detailed description.):

Eqn 2.2.1

Eqn 2.2.2

Using the i-TS, the lattice (atomic) temperature response as a function of radial position
and time with respect to the particle trajectory can be calculated. Assuming that ion tracks are
formed from the quenching of an originally molten phase, the lattice temperature response can
be used to estimate the track radii, which is for some materials (e.g., c-SiO2, a-Fe85B15, and c-Fe)
in good agreement to experimental data (see Fig 2.2.4).
This research project focused on how pre-existing disorder affects the response of
complex oxides to swift heavy ion irradiation. For that purpose, 2.2-GeV Au ions have been
used to irradiate the Mg1-xNixAl2O4 spinel solid-solution series. The thermal-spike approach is of
interest for this study since the spinel series represents an interesting set of samples with
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changing chemical composition and disorder, but with almost constant melting temperatures of
2400 K (MgAl2O4 [2]) and 2380 K (NiAl2O4 [16]).

2.3 Structural Characterization with Neutrons and X-rays
Neutron interactions are highly sensitive to low-Z elements making it ideal for the study
of disorder and irradiation effects in complex oxides, particularly the oxygen sublattice. Thus,
neutron total scattering experiments were the main characterization technique applied in this
study. Due to the different scattering cross-sections of Mg, Ni, and Al, (5.375, 10.3, and 3.449
barn respectively) [36] all cations were independently analyzed in the Mg1-xNixAl2O4 solidsolution series. With standard neutron diffraction patterns, the long-range structure was
investigated, while pair-distribution function analysis of the total scattering function was used
to characterize the local structure. This makes neutron total scattering experiments ideal to
study the order-disorder transformation in spinel that is induced by chemical substitution or
swift heavy ion irradiation. For the latter, X-ray diffraction (XRD) and small angle X-ray
scattering (SAXS) was additionally applied.
Neutron Total Scattering Experiments and Pair Distribution Analysis
Being neutral particles, neutrons have a low probability for interaction with matter. At
low energies (such as those used in neutron scattering experiments) the dominant reaction is
elastic scattering off of the nucleus. The interaction probability for neutron elastic scattering
depends therefore on the specific isotope and not on the Z of a target atom (like X-rays).
Neutron scattering experiments can be performed at spallation sources or nuclear reactors. The
9

scattered neutrons are typically detected by banks of detectors that surround the sample.
Depending on the neutron source and on the type of experiment, monoenergetic neutrons or
neutrons of a bandwidth of energies are used. A time-of-flight detection system can be used if
the neutron source is pulsed which allows to produce a scattering pattern with a neutron beam
of varying energies. Fig. 2.3.1 shows a typical time-of-flight measurement set up for neutron
scattering experiments.
The time of flight data (Fig 2.3.2) must be converted into reciprocal (Q) space so that the
pair distribution function can be calculated. Bragg’s law and the de Broglie relationship are
combined in order to convert the time of flight data into a scattering pattern as a function of
the interplanar distances (d-space) (Eqns 2.3.1-2.3.3). The conversion of this data set into Q
space yields the total scattering structure function S(Q) (Eqn 2.3.4), which includes
contributions from the Bragg peaks (containing information of the average, long-range
structure) and the diffuse scattering (containing information of the local structure) (Fig 2.3.3).
Structural analysis conducted on the total scattering function is similar to traditional diffraction
analysis, which yields information on the long range structure of the material. A Fourier
transformation is applied to the total structure function (Eqn 2.3.5) to obtain information on
the local structure through the the absolute pair distribution function, g(r), which is the
probability of finding an atom pair at the distance ‘r’ (Fig 2.3.4).
A simple example of how the average structure differs from the local structure is given
in the pseudo-binary compound Ga1-xInxAs. The unit-cell parameter increases linearly with x
according to Vegard’s law [37]. As shown in Figure 2.3.5, there is a weak dependence of peak
10

position with the composition; however, this is indicative of the size mismatch and the resulting
atomic level strain [38] and not a change in the unit-cell parameter [37]. This example shows
how PDF analysis of the local structure may provide additional information that is not
accessible through traditional diffraction experiments.
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2

ℎ

=
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𝑑

=
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ℎ𝑡

∞

∫ 𝑄[𝑆(𝑄) − 1]𝑠𝑖𝑛(𝑄𝑟)𝑑𝑄
𝜋 0

Eqn 2.3.3

Eqn 2.3.4

Eqn 2.3.5

Total scattering experiments with PDF analysis is an ideal tool to study radiation effects
in materials. Defects, disorder, and amorphization – the most common radiation-induced
material modifications – produce a diffuse scattering in the diffraction patterns. In traditional
diffraction data, this diffuse scattering is not included and treated as background during
structural refinement of the long-range structure. Radiation effects are only indirectly
accessible, such as through defect-induced diffraction peak modifications (intensity reduction,
shifts, and broadening). In contrast, the Fourier transformation of the total scattering data
transforms also the diffuse scattering with contributions from defects, disorder and
amorphization. Thus, the impact of defects on the local structure is directly accessible through
PDF analysis. As an example, in Figures 2.3.2 and 2.3.3, structural refinement provides with
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parameters related to the average structure of the material, while refinement of Fig 2.3.4 yield
additional information on the local structure.
X-ray Diffraction and Small Angle X-ray Scattering
X-ray interactions occur with the electrons of a material through different processes
that are dependent on the photon energy. For energies typically used in laboratory X-ray
machines, or synchrotron light sources, photons scatter elastically and coherently off of the
electron cloud via Thomson scattering. Diffraction occurs in a material when photons are
scattered by an array of ordered atomic planes with distance, dhkl, providing constructive
interference at specific diffraction angles. In well-crystallized materials with a long-range
structure, this results in diffraction patterns with sharp maxima that coincide with specific
atomic planes identified with the Miller indices (hkl). The position (angle) of these peaks is for a
constant X-ray energy dependent on dhkl,, which is the vector extending from the origin of the
crystal plane and normal to the plane, via Bragg’s law (see Eqn 2.3.1). The magnitude of dhkl is
the distance between parallel planes of atoms in the family of planes (hkl) and is a function of
the size and shape of the unit cell (see Figure 2.3.6).

𝑛 𝜆 = 2 𝑑ℎ𝑘𝑙 sin 𝜃

Eqn. 2.3.1

X-ray diffraction experiments can be performed on single crystals or powder samples.
For powder diffraction, the sample needs to contain a large amount of randomly oriented
grains. This causes the scattered photons to form a ring, the so-called Debye ring, which exits
the sample at a single 2θ angle for each hkl plane (see Figure 2.3.8). Using a 2D detector, such
as a MAR345 image plate, it is possible to measure the entire ring, which is then transformed
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into a one-dimensional diffraction pattern through integration. In order to avoid orientation
and texture effects, the grain size must be sufficiently small compared with the spot-size of the
X-ray beam. For this study, a synchrotron light source was used with an X-ray beam spot of
about 10 µm, which required sample grain sizes of about 1 µm [41].
Once the diffraction pattern has been integrated from the 2D detector, Rietveld
refinement methods can be used to gain detailed information on the structure of material. One
of the more popular refinement software packages is FullProf, which provides a useful user
interface to determine which parameters are refined. More detailed information of this process
can be found in the FullProf manual [42]. Radiation effects induced in complex oxides consist of
the formation of defects, disorder and amorphization. These structural modifications often
cause only small changes to the XRD pattern. Thus, synchrotron light sources with very intense
X-ray beams are an important tool to characterize radiation damage from swift heavy ions. A
recent review paper describes in detail how synchrotron XRD can be used to study radiation
effects in nuclear materials [32]. Figure 2.3.7a shows synchrotron XRD patterns from different
pyrochlore sample compositions irradiated with 1.43 GeV Xe ions (fluence: 1×1013 ions/cm2).
The patterns display two broad peaks from amorphous domains that increasingly dominate the
pattern as Zr is substituted by Ti (bottom to top) [32].The contributions of crystalline and
amorphous sample fractions can be quantitatively determined from these patterns through
Rietveld refinement. Another example is shown in Fig. 2.3.7b and 2.3.7c, with stacked XRD
patterns of ThO2 before and after irradiation with 950-MeV Au ions [43]. The formation of
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defects in this material can be observed in the patterns by an intensity reduction, shift, and
broadening of the diffraction maxima.
Similar to X-ray diffraction, small angle X-ray scattering (SAXS) relies on coherent
scattering of photons with electrons to characterize materials. The experimental set-up for
SAXS is quite similar to that of XRD (see Fig 2.3.9); however, the focus is on the low 2θ range
which is then commonly presented in q-space. The relation between θ and q space is shown in
Eqn. 2.3.2. SAXS is sensitive to changes of the nano-scale electron density, and is as such a
common method used to characterize structural properties of nano-sized systems [44],
including swift heavy ion tracks. Measurements are typically performed with X-ray energies of
12 keV using sample-detector distances of 0.5 – 2 m. SAXS detects subtle changes in electron
density within ion tracks by measuring the scattering of X-rays due to density fluctuations on
length scales comparable to the lateral track dimensions. A suitable model is used to describe
the experimentally determined scattering densities (Fig. 2.3.10). The change in electron density
due to radiation damage can be significant, making ion tracks very distinguishable scattering
objects. Thus, high-quality data on track dimension and morphology (discontinuous vs.
continuous tracks) can be obtained with accuracy down to the Å-level. Since X-ray beams of
mm spot size are used in transmission mode, millions of tracks can be investigated along their
entire length during a single measurement without any track modifications (X-rays are nondestructive).

𝑞=

4𝜋 sin 𝜃
𝜆
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Eqn. 2.3.2

Figure 2.1.1: Spinel structure: Yellow = A-site cation, blue = B-site cation, red = Anion
Table 2.1.1: Lattice sites in the ideal spinel unit cell (modified from [12])
Fractional
Coordinates
0,0,0
0.25,0.25,0.25
0.375,0.375,0.375
0.625,0.625,0.625

Wyckoff
position
8a
8a
32e
16d

Origin at 𝟒𝟑m
A-site cation
A-site cation
Anion
B-site cation
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Wyckoff
position
16c
32e
8b
8b

Origin at 𝟑𝒎
B-site cation
Anion
A-site cation
A-site cation

Figure 2.1.2: Temperature dependence of the inversion parameter for MgAl2O4 (left) and
NiAl2O4 (right) [13,16]. The inversion parameter shows for both materials a trend toward
random cation arrangement as a function of increasing temperature.
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Table 2.1.2: Bond distances in spinel (modified from [12]).
Species Pair

Distance between lattice species

Coordination number

A8a-X32e

1
√3𝑑(𝑢 − )
4

4

A8a-B16d

√11
𝑑
8

12

A8a- A8a

√3
𝑑
4

4

B16d-X32e

2
3 2
5
𝑑(2 (𝑢 − ) + ( − 𝑢) )1/2
8
8

6

B16d- B16d

√2
𝑑
4

6

X32e- X32e 1

1
2√2𝑑 (𝑢 − )
4

3

X32e- X32e 2

1
2√2𝑑 ( − 𝑢)
2

3

X32e- X32e 3

3 2
1
2𝑑{(𝑢 − ) − }1/2
8
32

6
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Figure 2.2.1: Electronic and nuclear stopping power of charged particles [33].

Figure 2.2.2 Schematic illustration of processes involved with the formation of a swift heavy
ion track [23].
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Figure 2.2.3: (left) High-resolution TEM images of GeV-ion tracks in complex oxides under
different conditions. Track size and damage morphology changes significantly as a function of
sample composition (green arrow), irradiation temperature (red arrow), and electronic energy
loss (blue arrow). (right) MD simulations of ion track formation describing well the complex
core-shell damage morphology. This Figure was modified from [23].

Figure 2.2.4: Effective track radii deduced from experiments (data points) and inelastic
thermal spike calculations (lines) [22].
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Figure 2.3.1: Schematic of the time of flight diffractometer arrangement at the pulsed
neutron source at Argonne National Laboratory [37].
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Figure 2.3.2: Time of flight data from a neutron total scattering experiment of MgAl 2O4 (this
work) conducted at the Nanoscale-Ordered Materials Diffractometer (NOMAD) at the
Spallation Neutron Source of Oak Ridge National Laboratory.
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Figure 2.3.3: Total scattering structure function of MgAl2O4 spinel obtained from a
transformation of the time of flight pattern.
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Figure 2.3.4: Pair distribution function (PDF) of MgAl2O4. The local structure encompasses a
region from approximately 1.5 Å to 10 Å. Larger distances are considered as intermediate
structure. Each peak corresponds to the probability of finding an atom pair at this distance.
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Figure 2.3.5: Dependence of bond lengths as a function of composition in Ga 1-xInxAs. Inset
shows the PDF data of the nearest neighbor bonds [39]. The PDF analysis reveal local strain
that is not observable by long-range diffraction data.

Figure 2.3.6 Schematic of an X-ray diffraction experiment [40].
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Figure 2.3.7: (a) XRD patterns of Gd2TixZr2-xO7 pyrochlore showing an increased ioninduced amorphization with Ti-content by the growth of two diffuse peaks. (b) and (c) Peak
shifts and broadening in XRD patterns of irradiated ThO2 caused by defect-induced swelling
and strain.

Figure 2.3.8: Schematic showing the formation of Debye rings by X-ray scattering on a
polycrystalline sample [40].
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Figure 2.3.9: Experimental set-up for SAXS measurements [45].

Figure 2.3.10: (a) Scattering image of unirradiated Fe81B13.5Si3.5C2 showing isotropic scattering
profiles. (b) Anisotropic streaks occur after irradiation with 11.4 MeV/u Au ions in
Fe81B13.5Si3.5C2. (c) The integrated SAXS profile intensities can be fitted with a hard cylinder
model to extract the ion track diameter [46].
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Chapter 3: Experimental Methods
3.1 Sample synthesis and irradiation facility
The initial sample set for this project was provided by Dr. Rodney Ewing from Stanford
University and consisted of a solid solution series of Mg1-xNixAl2O4 (x =0, 0.2, 0.4, 0.6, 0.8, 1.0).
Additional samples were synthesized by solid-state reaction of mixed oxide powder at high
temperatures. High purity samples of MgO (99.95%), NiO (99.5%), and Al2O3 (99.9%) from Alfa
Aesar were mixed together to form a stoichiometric spinel solid solution series with the
following reaction:
𝐻𝑒𝑎𝑡

(1 − 𝑥)𝑀𝑔𝑂 + (𝑥)𝑁𝑖𝑂 + 𝐴𝑙2 𝑂3 →

𝑀𝑔1−𝑥 𝑁𝑖𝑋 𝐴𝑙2 𝑂4

The sample pellets were reground and heated to ensure a complete reaction, which was
confirmed by laboratory x-ray diffraction experiments. After synthesis, the spinel samples were
prepared for ion irradiation and neutron/X-ray characterization. This procedure was dependent
on the type of measurement with specific holders for each analytical technique. All samples
were irradiated at the UNILAC accelerator of the GSI Helmholtz Centre for Heavy Ion Research
in Darmstadt, Germany (see Appendix B) using ions of specific energy of 11.4 MeV/u (2.2 GeV
Au ions). The beam parameters and conditions of all irradiation experiments are summarized in
Table 3.1.1. The range 2.2-GeV Au ions in spinel is 120 µm (see Fig 3.1.1) after correcting for the
reduced powder density [32]. Thus, the ions penetrated all sample configurations (12.5, 45, and
70 µm thick pellets for x-ray diffraction, SAXS, and neutron scattering respectively) and induced
a nearly uniform energy loss of 33 keV/nm throughout their path lengths in the thin samples.

27

3.2 X-ray diffraction and Small Angle X-ray Scattering experiments
In order to prepare powder samples for irradiation and X-ray diffraction at a
synchrotron facility a specific sample preparation technique was used (Fig. 3.1.2). Stainless steel
foils with a thickness of 12.5 µm were cut into strips with dimensions of 2 × 20 mm. Holes with
a diameter of approximately 120 µm were drilled through the strip using a tabletop electric
machining discharge system (see Appendix B). The strips were cleaned using acetone and an
ultrasonic bath to remove any residues. Using a lab hydraulic press (Appendix B), powder
sample were squeezed into the holes with a pressure of about 6000 psi. Excess material was
scraped from the strips and the final sample pellets (120 µm diameter by 12.5 µm thickness)
were inspected under an optical microscope. Two different spinel samples were prepared in
each steel strip and three strips were place together in one custom-built irradiation holder
(Appendix B). Thus, all six spinel compositions were irradiated simultaneously under the same
ion beam to fluences of up to 1×1014 ions/cm2 (note, one separate holder with 3 strips was used
for a given fluence). The ions penetrated the entire spinel pellets and induced over the sample
thickness of 12.5 micrometer a nearly constant energy loss of 33 keV/nm.
All irradiated samples were analyzed by means of X-ray powder diffraction experiments
at the beamline 13-BMD of GeoSoilEnviroCARS (GSECARS) at the Advanced Photon Source of
Argonne National Lab (see Appendix B). Mono-energetic x-rays with an energy of 37 keV and a
beam-spot diameter of about 10 μm were used in transmission mode to investigate the
structural modifications in the spinel samples which are induced by the swift heavy ion
irradiation. The measurement time was kept constant for all samples with an exposure time of
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5 minutes. Two dimensional diffraction images were recorded with a Mar345 imaging plate,
and calibration was performed with a LaB6 calibrant. Using Dioptas, a software developed by a
GSECARS beamline scientists, the diffraction images were converted into a one-dimensional
diffraction pattern. The XRD patterns were analyzed by means of Rietveld refinement using the
FullProf suite [42]. The applied procedures for sample preparation for swift heavy ion
irradiation and synchrotron XRD characterization are summarized in detail in a recent review
article [32].
Samples that were used for irradiation and SAXS measurements, were prepared as small
‘pancakes’. A small amount of powder sample was evenly spread between two stainless steel
dies and pressed together with a pressure of about 6000 psi. The thickness of the pancakes was
measured using a screw micrometer and only uniform samples with a thickness of 45 ± 5 µm
were used for irradiation with dimensions of approximately 2 x 2 mm. After pressing, the small
sample pellets were sintered within a furnace at 800 ˚C for 24 hours to improve the stability for
shipping to the irradiation and characterization facilities. Using standard double-sided glue
tape, the sample pellets were fixed on 1 cm2 aluminum holders and irradiated to a fluence of
5×1011 ions/cm2. Given the sample dimensions, the ions penetrated the samples completely and

induced an almost constant energy loss of 33 keV/nm over the entire thickness of 45 ± 5 µm
(Fig. 3.1.1). The SAXS measurements were performed in transmission geometry at the
Australian Synchrotron using the SAXS/WAXS beamline (see Appendix B). The camera length
was 30 m and exposure times of approximately 10 seconds.
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3.3 Neutron Total Scattering sample preparation and experiment
The neutron total scattering experiments were conducted at the Nanoscale-Ordered
Materials Diffractometer (NOMAD) of the SNS Spallation Neutron Source (BL-1B) at Oak Ridge
National Laboratory (see Appendix B). The SNS is the world’s most intense pulsed neutron
source, reducing the required sample amount and/or exposure time significantly as compared
to other neutron facilities. However even with a minimum mass of about 150 mg, this poses a
significant challenge to produce sufficient irradiated sample material. For that purpose, a
circular indentation with a depth of 70 µm was prepared in a 1 cm x 1 cm aluminum plate.
About 40 mg of powdered sample was placed into the indentation and pressed using the
hydraulic lab press with a pressure of 6000 psi. Using a screw micrometer, the thickness of the
pressed sample was controlled to not exceed 70 µm. The entire sample holder was covered
with a 5-µm thin aluminum foil (see Appendix B). Four of such sample holders were prepared in
total for a given spinel composition and irradiated together with a large ion beam (5 cm x 5 cm)
to a fluence of 6x1012 ions/cm2. This produced a sufficient amount of irradiated material for a
neutron scattering measurement. With a sample thickness of 70 µm, the ions had still sufficient
energy to penetrate these sample pellets and a nearly constant electronic energy loss of 33
keV/nm (Fig. 3.1.1).
After irradiation, the covering foils were removed and the pressed powders carefully
scraped out of the aluminum holders. All four samples for a given fluence were transferred into
one quartz capillary with a diameter of 2 mm and a wall thickness of 0.1 mm. This yielded
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approximately 160 mg of irradiated spinel sample which was sufficient for neutron
characterization.
The neutron total scattering experiments were conducted at NOMAD using moderated
neutrons with a wavelength range of 0.1 – 3 Å and a momentum transfer range (Q) of 0.04 –
100 Å-1. The approximate spot size was about 0.6 cm, and measurement times of 90 minutes
were used on each sample. The time of flight detectors were calibrated using a diamond
standard as well as a vanadium background. A script was available at the beamline to
automatically reduce the data from the raw time of flight format to the total scattering function
(S(Q)) and the pair distribution function.
Finally, the unirradiated spinel samples for the characterization of compositionallyinduced disordering were directly loaded into the quartz capillaries. Since there was no
limitation due to the irradiation experiments, more powder could be used for the neutron
measurements.
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Table 3.1.1: Overview of characterization techniques and required ion fluences.
Fluence of 11.4 MeV/u Au ions (# /cm2)
7×1011
3×1012
5×1012
7×1012
1×1013
3×1013
5×1013
7×1013
1×1014
5×1011
6×1012

Analytical Technique
X-ray diffraction
‘’ ‘’
‘’ ‘’
‘’ ‘’
‘’ ‘’
‘’ ‘’
‘’ ‘’
‘’ ‘’
‘’ ‘’
Small Angle X-ray Scattering
Neutron Total Scattering
(only x=0, 0.4, 0.6, 1.0)

Figure 3.1.1: Energy loss vs. penetration depth of 2.2 GeV Au ions in MgAl2O4 based on SRIM
calculations [30].
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Figure 3.2.1: Sample preparation sequence for irradiation and x-ray diffraction experiments.
[32]

33

Chapter 4: Results and Discussion
4.1: Composition-induced disordering in spinel
The starting structure of the Mg1-xNixAl2O4 solid solution series was investigated in detail
with focus on compositionally-induced disordering. As mentioned before, X-ray characterization
is not an ideal tool to study Mg-Ni-Al spinel samples due to (i) insensitivity to the oxygen
sublattice, (ii) low-Z cations, and (iii) small electron density difference between magnesium and
aluminum (both are difficult to distinguish by X-rays). Therefore, neutron total scattering
experiments were the main focus in the characterization of this solid-solution series. Together
with PDF analysis, this provided with a comprehensive description of disorder at the local and
average structure for both cation and anion sublattices.
Fig 4.1.1 shows the structure function, S(Q), for all six compositions. These neutron
scattering data, which are representative of the average structure, displays systematic peak
shifts to the right (in Q space) with increased Ni content (e.g., the strongest (440) peak)
indicative of a unit-cell contraction. Refined values for the unit-cell parameter for the two end
members, MgAl2O4 and NiAl2O4, are 8.090 and 8.058 Å respectively, comparing favorably to
literature results [13,47]. The unit-cell parameter of the intermediate members of the solid
solution series follows a linear trend (Fig 4.1.2). Huang et al. also reported a linear trend in this
solid solution series [48] based on X-ray diffraction results. The unit-cell parameter is
dependent on the average size of the A and B site cation [12] resulting in a linear contraction if
the smaller Ni cation gradually replaces the larger Mg cation which is in agreement with
Vegard’s law for solid solution series. Besides small peak shifts, the patterns of the different
compositions are similar with some variations in the peak intensities. For example, the ratio
34

between the (220) and (111) diffraction maxima decreases as a function of Ni content. G.E.
Bacon reported that the intensity ratio of both peaks correlates to the average cation inversion
(220)

(220)

parameter ((111) = 3.7 for fully normal spinel (i = 0) and (111) = 0.5 for fully inverse spinel (i = 1))
[49]. Assuming a linear interpolation between these ratios, the cation inversion was estimated
for the different spinel compositions from the peak intensities of their scattering functions (see
Fig 4.1.3). The inversion parameter follows a non-linear trend with increasing nickel content
with values for both end-members that are 0.305 (MgAl2O4) and 0.969 (NiAl2O4). This is not in
agreement to values reported in literature of inversion parameters of approximately 0.15 and
0.8 for MgAl2O4 and NiAl2O4, respectively [13,47]. Also the compositional behavior of the
inversion parameter is not in agreement with previous XRD data that show a linear dependence
of cation inversion in the Mg1-xNixAl2O4 solid solution series with the Ni content [50,51]. The
non-linear trend revealed in this study can be explained by the crystal field stabilization
energies for the tetrahedral and octahedral sites for Mg, Ni, and Al. Since Mg and Al have no dshell electrons, they do not have a CFSE preference for either site; however, other factors such
as Verwey-Heilmann preferences still affect the cation arrangement. Since Al has a charge state
of 3+, there is a strong preference for the octahedral site. Mg only has a charge state of 2+, and
no d-shell electrons, and does not have a strong preference for either the octahedral or
tetrahedral site. However, Ni2+ exhibits one of the highest CFSE preferences for any element
and competes with Al to occupy octahedral sites [12]. These competing forces between the
CFSE preference for the octahedral sites for Ni and the Verwey-Heilmann preference for the
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octahedral sites for Al makes it increasingly difficult for Ni to occupy octahedral sites if the Nicontent increases in the spinel samples.
Substituting Ni into the spinel structure causes also changes in the oxygen sublattice
that can be obtained from refinement of the scattering functions. In the average structure, the
oxygen position parameter linearly approximates u =0.375 for increasing Ni content, which is
representative of a closed packed oxygen arrangement (Fig. 4.1.4). The nickel substitution also
increases the cation inversion (Fig 4.1.3), which reduces the A-site cation radius with respect to
𝑟

the B-site cation radius. The cation radii ratio, 𝑟𝑎 , relates to the oxygen position parameter.
𝑏

𝑟

Increasing the Ni content, and therefore the inversion parameter, reduces 𝑟𝑎 and the oxygen
𝑏

sublattice contracts approximately linearly to match the new cation arrangement.
Pair distribution function analysis provided a direct insight to both the local (r = 1.5-10
Å) and intermediate (r=15-30Å) structure of the different compositions (Figures 4.1.5 and
4.1.6). For the local region, the first peak (r region from 1.5-2.3 Å) contains the nearest
neighbor bonds <A-O> and <B-O> which increase in distance with increasing Ni content. This is
an interesting finding as it implies a unit-cell expansion at the local-range structure, which the
average structure shows a unit-cell. The second doublet peak, from r = 4.0 to 5.5 Å, appears to
be related to the cation inversion, although structural refinement of the local region provides
much more accurate values than estimations using peak areas or intensities. The pair
distribution functions of the different compositions are qualitatively similar and structural
information was obtained through structural refinement.
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A structural model is required in order to refine the structure from the PDF in order to
extract the specific parameters relating to the unit cell, anion position, and inversion
parameters. Using the known spinel space group Fd3m, with the atomic starting positions
described in Table 2.1.1 with the origin set on 43𝑚 in the PDFgui software, the unit cell with
primitive symmetry was modeled. The occupancies for both the A and B site cations (Mg, Ni,
and Al) needed to be modeled and only dependent on the inversion parameter while
maintaining stoichiometry. Table 4.1.1 shows the model used for the cation occupancies, where
x is the Ni content and i is the inversion parameter.
Using the structural and occupancy models just described with typical MgAl2O4 spinel
starting values (a = 8 Å, u = 0.375, i = 0.1), the intermediate structure (r range between 15-30 Å)
and local structure (r range between 1.5-10 Å) were refined yielding the unit-cell parameter a,
the inversion parameter i, and the anion position parameter u (see Appendix C for data and
fits). Cation inversion shows a very similar trend with Ni content at the local and intermediate
structure (Fig 4.1.7) as found for the average structure (Fig 4.1.3). The intermediate structure of
the two end-members, MgAl2O4 and NiAl2O4, is best described with an inversion parameter of
0.241 and 0.696 with a non-linear behavior trend as function of Ni-content for the intermediate
compositions. The average structure shows however a systematically higher inversion for all
compositions as compared to the local and intermediate structure. For example, the inversion
parameter for NiAl2O4 is i=0.97 at the average structure, i=0.70 at the intermediate structure,
and i=0.80 at the local structure. These refinement results indicate a higher degree of cation
disorder at the intermediate regions with more ordered local and long-range structural regions.
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The unit-cell parameters at the intermediate structure (Fig 4.1.8) agrees well with the values
obtained from the average structure (Fig. 4.1.2).
The refined oxygen position parameter as a function of nickel composition shows a
consistent linear trend at the intermediate and local structure (Fig. 4.1.9). This result is
interesting, as the oxygen position parameter is affected by the radii ratio between the A-site
and the B-site cations [12], which is in turn dependent on the inversion parameter. Using the
cation radii summarized in Table 4.1.2, where the 4 and 6 coordination correspond to the A and
B sites respectively, a model was developed to calculate the average ionic radius of the A and B
site cations as a function of cation inversion, i, and nickel content, x (see Eqns 4.1.1 and 4.1.2).
𝑟

This radius ratio (𝑟𝑎 ) is plotted for each composition as a function of inversion parameter in Fig
𝑏

4.1.10 yielding a linear trend. Sickafus has reported previously that the anion position
parameter is depends on the cation radius ratio [12]. The present neutron data show a linear
dependence of the oxygen position parameter with the Ni content as well as the cation radius
𝑟

ratio 𝑟𝑎 with the cation inversion (only when considering compositional changes as well). This
𝑏

leads to the conclusion that the oxygen position parameter is also linear with the Ni content in
the spinel despite the non-linear trend of inversion parameter with Ni composition.
< 𝒓(𝑨) > = (𝟏 − 𝒙)(𝟏 − 𝒊)𝒓𝑴𝒈(𝑰𝑽) + 𝒙(𝟏 − 𝒊)𝒓𝑵𝒊(𝑰𝑽) + 𝒊𝒓𝑨𝒍(𝑰𝑽)
< 𝒓(𝑩) > =

𝟏
(𝟏
𝟐

𝟏

𝟏

− 𝒙)𝒊𝒓𝑴𝒈(𝑽𝑰) + 𝟐 𝒙𝒊𝒓𝑵𝒊(𝑽𝑰) + (𝟏 − 𝟐 𝒊)𝒓𝑨𝒍(𝑽𝑰)

Eqn 4.1.1
Eqn 4.1.2

The spinel structure exhibits additional disorder on the oxygen sublattice at the local
level. With increasing Ni, the oxygen position parameter decreases. The peak containing the
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nearest neighbor <A-O> and <B-O> bond broadens (Fig 4.1.11), which is an indication that the
two bond lengths are being pulled are behaving inversely to one another (i.e. one is contracting
and the other is swelling). This behavior is caused from the decrease of the oxygen position
parameter as well as the decrease of the unit cell parameter. Calculating the bond lengths using
the models provided by Sickafus [12] (see Table 2.1.2) it becomes clear that the <A-O> bonds
shrink while the <B-O> bonds swell with increasing Ni content (decreasing unit cell and anion
position parameters). However, the PDFs show that the <B-O> bond is stretched further apart
than expected by the structural model (see local structure fits in Appendix C). As Ni content
increased, the difference plot shows an increasing amount of mismatch on the right hand side
of the low-r nearest neighbor peak. The Debye-Waller factor (a measure of disorder) for the
anion sublattice shows a linear trend with Ni content (Fig 4.1.12). Local disordering on the
oxygen sublattice that is not captured by the structural model would account for the additional
swelling in the <B-O> bond distance. This can also be seen in the local unit cell parameter, as
with increasing Ni content the unit cell parameter begins to diverge (Fig 4.1.14) from the
‘average’ unit cell parameter. There is additional swelling at the local level, despite the average
contraction, that is caused from the additional cation disorder (with Ni content) in the spinel
structure.
It has been previously reported in the literature that oxygen position parameter and
inversion parameter have a linear dependence [13,53,54]. This was concluded from
experimental investigations based on temperature-induced disordering in MgAl2O4 [13,53] as
well as structural calculations [54]. However, the experimental studies only covered a narrow
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range of inversion parameters. The present data covering a much larger inversion range show
that there is a more complicated, non-linear relationship between oxygen position parameter
and inversion parameter (Fig 4.1.14). Jiang et al. suggest that for MgIn2O4 the oxygen position
parameter increases linearly with inversion parameter since In3+ is larger than Mg2+ [54].
However, this cation radii size difference is small for Mg2+ and Ni2+ (see Table 4.1.2) and should
not cause the observed functional behavior. This study shows that the cation arrangement in
spinels may have a more complex effect on structural parameters than previously thought.
In summary, the unique set of sample compositions used in this study allowed for an systematic
investigation on compositionally-induced disorder in spinel over a large range of cation disorder
(from i = 0.30 to i = 0.97). An increased substitution of Mg by Ni caused a non-linear trend in the
cation inversion as a function of composition which has not previously been reported. The use
of neutrons provided also insight on the oxygen disorder which was found to be unexpectedly
high at the local structure. Pair distribution function analysis provided additional insight on the
nature of disorder at the local structure and intermediate structure. An increasing No content
caused a local expansion of the unit cell, despite the contraction observed at the average
structure. Both, the average and local structure show a consistent trend of an anion position
parameter that is non-linearly dependent on the cation inversion. Many previous studies have
investigated the cation disorder based on the shift in the anion position parameter assuming a
linear relationship between both parameters. The present data show that such a procedure
may result in incorrect information on the disordering mechanism. Further modeling and study
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into the interplay between the anion sublattice and the cation disorder in spinels is necessary in
order to fully understand the structure.

4.2: Radiation induced disordering
As discussed previously, x-ray diffraction experiments were very challenging in
characterizing compositionally- and radiation-induced disorder in the spinel solid-solution
series, due to the low-Z number of the cations. Despite their weak intensity, ion-beam induced
structural modifications were apparent in the XRD patterns of all compositions by a reduction
of peak intensity as a function of increasing fluence. As an example, Fig. 4.2.1 shows the
evolution of XRD patterns of Mg0.6Ni0.4Al2O4 with increasing fluence. The gradual shift of the
maximum corresponding to the (400) planes to larger two theta values shows that the unit cell
is expanding upon ion irradiation (see inset of Fig. 4.2.1). The relative position of the (400)
maximum is plotted in Figure 4.2.2 as a function of increasing fluence together with its full
width at half maximum (FWHM) (inset of Fig. 4.2.2). As a function of fluence, both peak position
and width grow linearly in the initial stage and finally begin to saturate at higher fluence values.
All peaks show the same behavior of reduced intensity and broadening but no evidence was
found of ion-induced amorphization after irradiation with 2.2-GeV Au ions up to the maximum
fluence of 1x1014 ions/cm2. Rietveld structural refinement was completed on the diffraction
patterns of all spinel compositions before and after irradiation to different fluences. The weak
intensity of patterns, which decreased upon irradiation, made a reliable refinement very
difficult. No information on disorder could be obtained from the refinement process and only
changes in the unit-cell volume were analyzed. For most spinel compositions there was a large
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fluctuation in the deduced unit-cell volume as a function of increasing fluence, probably caused
by the refinement uncertainties due to the weak XRD intensities, especially at very high
fluences. Only Mg0.6Ni0.4Al2O4 showed a consistent trend as a function of increasing fluence and
the relative change in the unit-cell volume is shown in Fig. 4.2.2. The unit-cell volume increases
as a function of increasing fluence with an initial linear trend that saturates at higher fluences.
This evolution is described by an exponential equation (Eqn 4.2.1) based on a single-impact
model:
∆𝑉
𝑉

= 𝐴 (1 − 𝑒 −𝜎∅ )

Eqn 4.2.1

Where ΔV/V represents the relative volume change, σ is the cross-section per incident
ion, and Φ is the ion fluence. The constant A gives the maximum achievable change in volume
and was set to about 0.00148 when fitting equation 4.2.1 to the data (Fig. 4.2.3). A single
impact model is an appropriate approach since Yasuda et al. confirmed the formation of
individual ion tracks in MgAl2O4 by means of TEM after irradiation with a comparable ion and
energy [11]. The single impact model fitted to the fluence-dependent volume changes indicate
that each ion creates a small region of defective, swollen material. These track regions will
overlap at higher fluences reaching a steady-state of defect production and annealing (or a
maximum fraction of transformed sample). The defect-induced changes in the unit-cell volume
may cause micro strain, which explains the similar fluence-dependent increase in peak width
(Fig. 4.2.2). By assuming a cylindrical ion-track geometry, it is possible to estimate the effective
defect radius of an individual ion track from the cross section (Fig. 4.2.3). With 1.9 ± 0.2 nm, this
radius is much smaller than the 5 nm reported by Yasuda et al. [11]. These authors showed that
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the track morphology is complex in spinel (see Fig. 1.1.1) and the present XRD results may
capture only the core region of the swift heavy ion track or the strained shell. However, taking
into account the very weak XRD data and the difference in the two spinel composition, the
present results should not be over interpreted.
Small angle x-ray scattering experiments were conducted in order to obtain an ion track
diameter for the different spinel compositions. SAXS is performed at small q values, which
provides information on nanometer-sized structures such as swift heavy ion tracks. Fig. 4.2.2
shows the scattering data as a function of q for all samples irradiated to a fluence of 5x1011
ions/cm2. Oscillating scattering intensities were observed for all composition indicative of the
formation of swift heavy ion tracks as shown in many previous SAXS investigations [46]. The
change in intensities as a function of q was modelled assuming a cylindrical track structure with
a uniform electron density change. The deduced ion track radii showed a linear increase as a
function of increasing Ni content from 3.0 nm to 4.4 nm (Fig. 4.2.5). Comparison of the ion track
radii extracted from the x-ray diffraction with the small angle x-ray scattering (for
Mg0.6Ni0.4Al2O4) shows reasonable agreement between the two techniques, and are likely
representative of the size of the strained region reported by Yasuda et al. [11] (Fig. 4.2.3). The
large change in ion track radius over the compositional range is somewhat surprising, taking
into account the small difference in melting temperature from 2400 K (MgAl2O4) to 2380 K
(NiAl2O4). As mentioned in the introduction, the thermal-spike approach is a widely applied
track model to explain the formation of ion tracks from rapidly quenched molten track regions.
The minor change in melting temperature would suggest very similar track sizes in the present
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spinel solid-solution series, which is apparently not the case. Thus, other material properties,
such as the pre-existing disorder, may play an important role in the track-formation process.
Calorimetry experiments are planned in the near future to gain further insight into the ionmatter interactions in this material system.
As described in Chapter 3, the spinel solid solution series was irradiated with 2.2 GeV Au
ions to a fluence of 6×1012 ions/cm2 for neutron characterization. Due to the very large sample
mass required, only four out of the six spinel compositions Mg1-xNixAl2O4 (with x=0, 0.4, 0.6, and
1.0) have been irradiated with swift heavy ions. A suitable fluence was chosen for mediumrange characterization based on the track-size results from SAXS experiments, aiming at
approximately 80% of radiation-modified sample fractions. However, this introduced some
level of track overlap that must be considered in the discussion of neutron scattering data. Due
to the large difference in track radii (Fig 4.2.5), the track-overlap varied with sample
composition from approximately 50 to 70% overlap for MgAl2O4 and NiAl2O4 respectively.
Qualitative analysis of the total structure function obtained from neutron total
scattering (Fig 4.2.6) shows changes in the cation ordering for all spinel compositions. Utilizing
the technique described in section 4.1, the cation inversion was determined after irradiation
revealing a trend towards random cation arrangement (i=0.667) (Fig 4.2.7). All samples showed
a radiation-induced increase of diffuse scattering which can be analyzed by means of pair
distribution functions (see below). For MgAl2O4, there is a distinct shift of the scattering
maxima to higher Q values after irradiation which indicates a reduction in the unit-cell
parameter. All other samples exhibited small peak shifts suggesting only minimal changes in the
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unit-cell parameter. This finding matches the result of the refinement of the intermediate
structure (which has much smaller error bars) and is discussed later.
The PDFs of the irradiated samples show a small decrease in intensity (see Appendix C)
with no evidence of amorphization. All PDFs still show highly correlated bond distances at high r
values (beyond 30 Å). The model used to refine the intermediate-range (r=15-30 Å) structure in
the spinel samples before irradiation (Section 4.1) was used as starting model to refine the pair
distribution functions after irradiation. By comparing for a given composition, the refinement
results before and after irradiation, ion-induced structural modifications were analyzed. The
inversion parameter increased after irradiation for all compositions (Fig. 4.2.8). The relative
trend of inversion as a function of Ni-content remained unchanged suggesting that there is no
additional composition specific radiation response for this parameter. The increase in inversion
is somewhat surprising, as both Ni-rich compositions Mg0.4Ni0.6Al2O4 and NiAl2O4 have almost
random cation distributions prior to irradiation, with i = 0.661 and 0.696 respectively (Fig.
4.1.7). It is reasonable to assume ion-beam induced randomization of cations leading to a
reduction in inversion (i = 0.667) similar to what has been observed during high-temperature
experiments [13,16]. The increase in inversion as evident in the present neutron scattering
results implies that the structure became more ordered after ion irradiation. This result can be
explained by the additional energy input from the swift heavy ion irradiation, which leads to
further displacement of the initial B-site Al cations. The energy provided by the SHI allows for Ni
cations to replace Al cations at their preferred octahedral site. The different response of the
average structure and the intermediate structure with respect to inversion changes may be
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related to an ion-beam induced phase transformation. While the unirradiated sample regions
remain relatively disordered spinel phase, a new phase is forming within the swift heavy ion
tracks.
The unit-cell parameter for the intermediate structural range (r=15-30 Å) exhibits a
complex behavior when comparing irradiated and unirradiated spinel samples of different
composition (Fig. 4.2.9). NiAl2O4 and the intermediate compositions show little to no changes in
the unit-cell after irradiation. However, the MgAl2O4 end-member shows a noticeable unit-cell
contraction, which is in contrast to the general observed radiation-induced unit-cell expansion.
This finding may be related to a phase transformation but cannot be fully explained presently.
This unit cell-reduction is consistently observed for the intermediate and the long-range,
average structure. The observed changes in the unit cell upon ion irradiation may have
interesting implications for the electric conductivity. The <B-B> bond distance critically
determines the electric conductivity in spinels. Decreasing the distance between two B-site
cations leads to an increase in the electric conductivity [12]. The solid solution series used in
this study contains Al, Mg, and Ni – all of which can occupy the B-site – with elemental
conductivities of 0.377, 0.226, 0.143 (x106/cm Ω) respectively [55]. These changes also reduce
the <B-B> bond distance (see Table 2.1.2) effectively increasing the electrical conductivity.
However, radiation increases the inversion, which reduces the amount of aluminum on the Bsites leading to an opposite effect on the electrical conductivity. These competing processes
may cause a net reduction in the electrical conductivity in MgAl2O4. There is a much smaller
change (0.10%) in the bond distance compared to the 18% reduction in Al on the B site. Future
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experiments are planned to investigate the dielectric response of MgAl2O4 to swift heavy ion
irradiation. The other spinel compositions show only minor changes to the unit cell, leaving the
<B-B> bond nearly unchanged; however, the increased inversion parameter will reduce the
electrical conductivity in the samples when an increased amount of Ni is substituting Al at the
B-site.
Figure 4.2.10 shows the oxygen position parameter results from PDF refinement before
and after irradiation as a function of Ni-content. The oxygen parameter is systematically lower
after irradiation, which can be explained by the increased cation inversion (Fig. 4.2.8) and
related increase in the ratio of the A- and B-site cation ionic radii (Fig 4.1.10).
Figure 4.2.11 depicts the PDF of the local structural region (r= 1.5-10 Å) of the different
spinel samples before and after swift heavy ion irradiation. Due to the large number of bond
pairs beneath each PDF maximum, it is difficult to discuss the qualitative changes due to ion
irradiation. However, the second doublet peak intensity ratio may be related to the cation
inversion and the PDF of the irradiated MgAl2O4 sample appears to be very similar to the PDF of
the unirradiated NiAl2O4 sample. The overall radiation response at the local structure is
significantly different as compared to the intermediate region. In MgAl2O4, the structural model
used to fit the unirradiated structure matched the experimental data well. The cation inversion
parameter increased from 0.35 ± 0.06 to 0.75 ± 0.076, which is relatively consistent with the
inversion parameter of 0.60 ± 0.08 at the intermediate structure. However, with the addition of
Ni, the structural model used for the unirradiated local structure no longer described the local
structure of the irradiated samples. Keeping the inversion parameter fixed at zero, for all Ni47

containing spinels, and using the rock-salt phase model as input for the refinement procedure
provided a reasonable fit to the experimental data (Fig 4.2.12). Using instead the previously
applied inverse spinel model for the local irradiated structure resulted in unphysical values
(inversion parameter greater than 1). The metastable rock salt phase was modeled as:
[Mg0.25(1-x)Ni0.25*xAl0.5•0.25][O1.0]
Using the space group Fm3m (origin at m3m) where • is a vacancy randomly distributed
through the cation sublattice [21] at Wyckoff positions 4a for the cations and 4b for the oxygen
atoms. The unit-cell parameter for the rock salt phase was approximately half that of the spinel
phase.
The unit-cell parameter for the local structure of the irradiated spinel samples have
large uncertainties, most likely introduced by the additional fitting parameters used for the
metastable rock-salt phase (see Figure 4.2.13). However, it appears that the unit-cell parameter
of the local structure follows a similar trend as the intermediate unit cell parameter which can
be explained by changes of the cation disorder due to ion irradiation (see Fig 4.2.14). While
locally, MgAl2O4 shows a significant increase in cation disorder, there is no evidence of a phase
transformation to the rock salt structure (Fig 4.1.14). For the spinel compositions, there is an
increasing amount of rock salt phase evident in the PDF with increasing Ni content. Since
MgAl2O4 with the least amount of pre-existing cation disorder shows an increases of disorder to
almost random cation arrangement (maximum disorder) and Ni-containing compositions with
more initial cation disorder show a transformation to the rock-salt phase, a two-step process
for the spinel-to-rock-salt transformation can be assumed. First, the cations must approach
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either the random arrangement or completely inversion before it is energetically favorable
upon further ion irradiation to transition to the lower symmetry rock salt phase. For x=0.4
(Mg0.6Ni0.4Al2O4) beyond approximately 6.75 Å the thermal parameters of the rock salt began to
over correlate and provide unphysical results. Whereas for x = 0.6 and x=1.0 the rock salt phase
can be used to fit the measured PDF to distances up to 7.75 Å
The oxygen position parameter at the local structure seems to be approximately
constant as a function of Ni content after irradiation (see Fig 4.2.15). There are large error bars,
which are again most likely due to a multiple phase refinement. The linear trend of the oxygen
position parameter is further evidence for a two-step process related to the rock-salt
formation. The oxygen position parameter for the different compositions has values of about
0.383, which correlates to an inversion parameter of 0.6667 (see Fig 4.1.14). This implies that
the spinel phase has random cation arrangement after irradiation. Together with the increasing
rock salt phase fraction (and lack thereof in the MgAl2O4 end member) this provides additional
evidence for a phase transformation behavior consistent with a two-step process. In a first step,
radaition creates in Mg-rich compositions additional cation disorder, affecting the oxygen
sublattice as previously discussed. Once the cations are in full random arrangement, further ion
irradiation leads to the formation of a rock salt phase.
Overall, the spinel structure is very resistant to amorphization, which is in agreement to
previous radiation studies. Cation disorder is the main radiation response, which is locally
significantly larger compared with the average, long-range structure. The rock-salt phase is
induced after ion irradiation once a fully random cation sublattice is obtained (compositionally49

or radiation-induced). This conclusions can be made from the oxygen sublattice, and in
particular the oxygen position parameter, which approached for all compositions a single value
(u=0.383) after irradiation. Ion irradiation may have also interesting implications for physical
properties. From results at the local structure, the <B-B> bond distance seems to contract
significantly due to radiation-induced changes of cation disorder. This may lead to dramatic
changes in the electric conductivity in irradiated Mg-rich spinel compositions. SAXS and XRD
measurements were consistent with a single-impact model and yield a track radius on the order
of 2 nm, which is increasing by about 50% from the Mg end-member to the Ni end-member.
With respect to the rock-salt phase transformation, the two-step process observed locally can
be explained by overlapping disordered ion tracks which result in the formation of the new
metastable phase. Further refinement of the local structure is currently ongoing to fully
characterize the cation arrangement and related local phase transformation behavior.

Table 4.1.1: Occupancy constraints used in the structural model for spinel.
Species
Mg – A site
Ni – A site
Al – A site
Mg – B site
Ni – B site
Al – B site

Occupancy constraints
(1-x)(1-i)
x(1-i)
i
0.5(1-x)i
0.5xi
1-0.5i
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Table 4.1.2 Cation ionic radii for the tetrahedral and octahedral coordination for Mg-Ni-Al
spinel [52]
Element

Coordination

Ionic radius [Å]

Mg2+

4

0.57

Ni2+

4

0.55

Al3+

4

0.39

Mg2+

6

0.72

Ni2+

6

0.69

Al3+

6

0.535
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Figure 4.1.1: Structure functions of the unirradiated spinel solid solution series. The
inset shows two enlarged low Q value peaks ((220) and (111) planes)), which were used to
estimate the cation inversion for the different spinel compositions based on their intensity
ratios.
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Figure 4.1.2: Unit-cell parameter results from refinement of the average structure. The
unit cell shows a systematic linear decrease with Ni content.
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Figure 4.1.3: Inversion parameter of the average structure estimated from intensity ratios of
(220) and (111) peaks. The inversion parameter has a non-linear trend with Ni content.

54

Figure 4.1.4: Oxygen position parameter results from refinement of the average
structure showing an approximately linear trend with Ni content.
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Figure 4.1.5: Pair distribution function data of the local structural region in the Mg 1xNixAl2O4 solid solution series.
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Figure 4.1.6: PDF of the intermediate structure. The Ni content increases from bottom
to top with MgAl2O4 at the bottom and NiAl2O4 at the top.
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Figure 4.1.7: Inversion parameter results from refinement of PDFs for the intermediate
(squares) and local structure (circles) as a function of Ni content. The observed trend is similar
to the one observed at the average structure.

58

Figure 4.1.8: Unit cell parameters refined from the 15-30 Å region of the PDFs. End
members and trend compare favorably with literature values.
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Figure 4.1.9: Oxygen position parameter vs. composition for intermediate (squares) and local
(circles) structure. With increasing Ni content, the oxygen sublattice approaches a closedpack arrangement.
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Figure 4.1.10: Ratio of the A and B site cation radii as a function of inversion
parameter. Cation radii ratio is linearly dependent on the inversion parameter.
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Figure 4.1.11: Nearest neighbor (<A-O> and <B-O> bonds) in Mg1-xNixAl2O4 solid solution
series. Inset shows bond lengths as a function of composition. The <A-O> bond contracts with
increasing Ni content, while the <B-O> bond expands causing the nearest neighbor peak to
broaden.
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Figure 4.1.12: Debye-Waller factor as a function of Ni content. The cation disorder increase
due to the addition of Ni affects also the anion disorder.
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Figure 4.1.13: Local (circles) and intermediate (squares) unit-cell parameters as a function of
spinel composition showing a linear decrease as a function of Ni-content.
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Figure 4.1.14: Oxygen-position parameter as a function of cation inversion. Open data
points represent experimental results with red circles from [13], blue triangle from [53], and
orange diamonds from this work. Filled data points are results from calculations [54]. Figure
adapted from [54]
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[degrees]
Figure 4.2.1: X-ray diffraction patterns for Mg0.6Ni0.4Al2O4 after irradiation with 2.2GeV Au ions to different fluences. The inset shows a close up of the Bragg peak associated
with the (400) plane.
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Figure 4.2.2: Unit cell parameter and peaks width (inset) of the (400) peak in
Mg0.6Ni0.4Al2O4 as a function of increasing ion fluence.

67

Figure 4.2.3: Relative changes of unit cell volume (filled data points) from refinement
of XRD data and fit with a single impact model (line) for Mg0.6Ni0.4Al2O4 as a function of
increasing ion fluence. The ion track radii was determined to be 1.9 ± 0.2 nm.
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Figure 4.2.4: Intensity profiled from SAXS measurements with hard cylinder model fits for all
spinel compositions irradiated to 5x1011 ions.cm2.
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Figure 4.2.5: Radius of 2.2 GeV Au ion tracks in spinel from SAXS measurements as a function
of Ni content.
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Q [Å-1]
Figure 4.2.6: S(Q)-1 for the irradiated (solid lines) and unirradiated (dashed lines)
spinel samples. The unirradiated and irradiated average structure is qualitatively similar. The
intensity ratio of the (111) and (220) planes (inset) shows an increased cation disorder.
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Figure 4.2.7: Inversion parameter for the average structure for the unirradiated (black
square) and irradiated (red circle) spinel.
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Figure 4.2.8: Inversion parameter of unirradiated (black) and irradiated (blue) spinel samples
at the medium-range structure. Irradiation led to increased inversion for all samples.
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Figure 4.2.9: Unit cell parameter for spinel before (black squares) and after (blue squares)
irradiation as a function of composition (Ni-content x). Compositions with high Ni-content
show only a small change of unit-cell parameter after irradiation.
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Figure 4.2.10: Oxygen position parameter in spinel before (black squares) and after
irradiation (blue squares) as a function of Ni-content x in the spinel samples.
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Figure 4.2.11: PDF of local region. Dashed lines show unirradiated PDF while the solid lines
show irradiated. Qualitatively similar and must be refined to describe physical phenomena.
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Figure 4.2.12: NiAl2O4 PDF fitted with the normal spinel structure (inversion=0) plus rock salt (left) and the same spinel
composition fitted with only inversion (right) with the fits with only inversion produced an unphysical inversion parameter,
indicative of an additional phase at the local structure.
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Figure 4.2.13: Unit cell parameter of the local structure for unirradiated (black squares) and
irradiated (blue squares) spinel.
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Figure 4.2.14: Local disorder of unirradiated and irradiated spinel compositions. Black
data points show the inversion parameter of unirradiated spinel. The red data point shows
the inversion parameter of irradiated MgAl2O4 (which contains no rock-salt after irradiation).
The blue data points show the ion-induced rock-salt phase fraction for Ni-containing spinel
samples.
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Figure 4.2.15: Oxygen position parameter vs. composition in the local structure for irradiated
and pristine spinel solid solution series. The oxygen position is nearly constant (despite larger
error bars) which implies that the different spinel compositions have a similar inversion
parameters (0.67) with near random cation configuration.
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Chapter 5: Conclusion
Both the initial structure and irradiation response of swift heavy ions in the spinel solid
solution series Mg1-xNixAl2O4 were investigated using neutron total scatting experiments via pair
distribution function analysis and x-ray scattering experiments. With increasing Ni content, the
nearest neighbor <A-O> and <B-O> bonds diverge, which shows a local swelling of the unit cell
despite the average structure contracting. The starting structure also shows an increasing
amount of cation disorder as a function of Ni content, which has a strong effect on the oxygen
sublattice position and disorder although this effect is not linear as previously reported.
The spinel solid solution series was irradiated to a fluence of 6×1012 ions/cm2 of 2.2 GeV
Au ions, which caused 50 and 70 percent track overlap for MgAl2O4 and NiAl2O4 respectively.
All Ni containing spinel members had a partial local phase transition to the rock-salt structure,
while the MgAl2O4 end member only showed an increase in cation inversion. This suggests that
there is a two-step process to create the rock salt phase. The cation sublattice, locally, is likely
randomized (inversion parameter close to 0.6667) prior to having a small scale local
transformation to rock salt. The distance out to which the rock salt accurately models the data
roughly corresponds to the starting inversion of the sample and provides further evidence that
there is a two-step process. For the average structure and intermediate structure, there is no
evidence of the rock salt phase. The inversion parameter increases and drops the oxygen
position parameter significantly; however, there is no amorphization or transition to a
metastable structure.
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Future Work
There are plenty of opportunities for future work on this project. Later this year, the
solid solution series will be irradiated to a lower fluence, so that there will be no track overlap
effects. In late August, the cation disorder (and effects on the local structure) as a function of
temperature will be measured for the same solid-solution series up to 1200 C at the Nanoscale
Ordered Materials Diffractometer at the Spallation Neutron Source at Oak Ridge National
Laboratory. Single crystals of MgAl2O4 have been obtained and dielectric spectroscopy
measurements will be conducted at high temperature before and after irradiation to further
investigate ion-induced changes on the conductivity.
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Appendix A: Additional Background
Inelastic thermal spike variable description [34,56]
Subscript e: electronic subsystem
Subscript a: lattice subsystem
T(e,a): Temperature in the electronic and lattice subsystems, respectively
C(e,a): Specific heat in the electronic and lattice subsystems, respectively
K(e,a): Thermal conductivity in the electronic and lattice subsystems, respectively
g: Electron-phonon coupling constant (the free parameter)
Thermal parameters for Ce and Ke are not known for insulators. It is assumed that hot electrons
(electrons that occupy the conduction band) in insulators behave similarly to hot electrons in
metal.

𝐶𝑒 =

3
𝑁𝑘
2 𝑒 𝐵

If Ne is assumed to be 5×1022 e cm-2, then Ce is approximately 1 J cm-3 K-1. The thermal
conductivity for the electron subsystem is related to the thermal diffusivity, which depends on
the electron-electron mean free path, l, and Fermi velocity. At high temperatures, using an
electron-electron mean free path on the order of the interatomic distances leads to a value of
De of about 2 cm2s-1.
𝐾𝑒 = 𝐷𝑒 𝐶𝑒
𝐷𝑒 =

1
𝑙𝑣
3 𝑓
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Appendix B: Experimental Pictures

Unilac at GSI

EDM drill for making strips
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Lab hydraulic press

Custom holders for irradiation and synchrotron
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SAXS/WAXS beamline at the Australian synchrotron

SAXS/WAXS beamline at the Australian synchrotron
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Custom holders for irradiation and neutron experiments at NOMAD

Custom holder with sample powder removed. Unirradiated (left) and Irradiated (right)
sample shown above
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Sample Environment chamber for NOMAD
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Appendix C: Raw data, fits, and more results

MgAl2O4 unirradiated local PDF data and fit

Mg0.8Ni0.2Al2O4 unirradiated local PDF data and fit
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Mg0.6Ni0.4Al2O4 unirradiated local PDF data and fit

Mg0.4Ni0.6Al2O4 unirradiated local PDF data and fit
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Mg0.2Ni0.8Al2O4 unirradiated local PDF data and fit

NiAl2O4 unirradiated local PDF data and fit
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MgAl2O4 irradiated intermediate PDF data and fit

MgAl2O4 irradiated local PDF data and fit
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Mg0.4Ni0.6Al2O4 irradiated intermediate PDF data and fit

Mg0.4Ni0.6Al2O4 irradiated local PDF data and fit
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Mg0.6Ni0.4Al2O4 irradiated intermediate PDF data and fit

Mg0.6Ni0.4Al2O4 irradiated local PDF data and fit
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NiAl2O4 irradiated intermediate PDF data and fit

NiAl2O4 irradiated local PDF data and fit
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